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I. INTRODUCTION 
A. Purpose of experiment 
This work was undertaken to measure as 
accurately as possible the mass of an unstable 
28 phosphorous isotope, P • Mass spectroscopic 
methods are not applicable to short-lived nuclides. 
However, the mass can be determined from a nuclear 
reaction. The reaction chosen here was si28(p,n)P28. 
Isotopic silicon was bombarded with 17 Mev protons, 
and the neutron spectrum created was detected with 
nuclear emulsions. 
It was hoped that other information might be 
forthcoming from this experiment. In addition to the 
ground state of P28 , if resolution were good, some of 
the excited states of p28 might be observed. In 
particular, a state corresponding to the second 
28 d . excited state in Al might be observe , since it would 
probably be well separated from the g~ound and first 
excited states in P28, Since the target also contained 
29 29 29 Si and Si30, the reactions Si (p,n)P and 
si30(p,n)P30 might also be expected. Since the ground · 
1 
state Q's of both these reactions are similar 
(Q for the Si29 reaction is -5.75 Mev and Q for the 
si30 reaction is -5.10 Mev 61), no new level 
information for P29 and p30 seemed forthcoming. 
B. Energy levels 
The energy levels of a nucleus are arrangements 
of the nuclear constituents which are preferred over 
other possible arrangements, and exist for periods 
of time which are much longer than the time required 
for a nucleon to traverse the effective nuclear 
40 
dimensions. ~A level is characterized by its 
excitation energy,~ spin, parity, width, isobaric 
spin, magnetic moment, and configuration~ 
1. Spin. The spin of a nuclear level is the total 
angular momentum of that state. It is conserved 
in nuclear reactions. 
2. Parity. If the reflection of a system of particles 
about the origin leaves the sign of the spatial 
part of the wave function unchanged, the system has 
even parity. If the sign is changed, the system has 
odd parity. Thus 
2 
3 
~(-x,-y,-z,t) - ~(x,y,z,t) represents even parity, 
~(-x,-y,-z,t) = -~(x,y,z,t) represents odd parity. 
Parity is conserved in strong interactions such as 
will be considered here. 
3. Isobaric spin quantum number. T , the isobaric 
z 
spin quantum number, measures the excess of neutrons 
over protons in the nucleus. 
T -z- N - Z 2 
where Z is the atomic number of the nucleus, 
N is t he number of neutrons in the nucleus. 
I 
-~ 
Tz is a component of the total isobaric spin, T, 
associated with any quantized level of the nucleus. 
That is, for a given T, Tz has 2T + 1 values 
corresponding to the same binding energy (except for 
Coulomb effects), and defining a set of isobars, in 
each of which this particular energy may be identified. 
This group of nuclear states is called a charge-
multiplet. T is conserved if nuclear forces are charge 
independent.12 
4 
4. Level width. The level width, r , is related 
to the mean lifetime of an approximately stable 
state by r"'\ = J1. Provided the transi-tion probabilities, 
and therefore also the level widths, are s~fficiently 
small, the energy levels are regarded as discrete, 
and have well-defined properties. As the excitation 
energy increases the level width increases and the 
average spacing between levels decreases. At high 
energies the lev~ls overlap 19 and the level concept 
is no longer very useful. 
Bound levels are those for which the excitation 
energy is insufficient to permit dissociation of the 
excited nucleus by particle emission. States unstable 
to particle emission are called virtual levels. 
5. Nuclear magnetic dipole moment. The orbital 
angular momentum of the protons within nuclei produce 
external magnetic fields which can be described in 
* terms of a resultant magnetic dipole moment,)'~· , 
located at the center of the nucleus. ~~is the maximum 
observable component of the nuclear magnetic dipole 
* moment, r . 
where g is the nuclear g factor, 
I is the angular momentum quantum number. 
~ is obtained experimentally from measurements of I 
combined with independent measurements of g.22 It has 
been measured for only a few excited states. 
C. Methods of studying energy levels 
1. Measurement of the energy spectra of nuclear 
reaction products. 12 
The nucleus can be bombarded with light particles, 
and the Q value for each observed state can then be 
5 
derived from the energy of the resultant particle 
group. In a transmutation, the energy levels in the 
residual nucleus can be determined from the energy 
spectrum of the t1g5t particles emitted. 
Energy spectra can also be obtained from inelastic 
scattering reactions, in which the incident particle 
loses energy to the target nucleus, and a particle of 
the same kind but with reduced energy is observed after 
the reaction. Radiation emitted from excited states 
in the residual nucleus may also be observed. The 
6 
inelastic scattering method gives information about 
bound levels of stable nuclei which is not always 
available from transmutation reactions. 
The true level widths can be obtained from the 
full width at half maximum of each resonance in the 
energy spectrum, if instrumental resolution is 
sufficiently good. 
2. Resonances in the formation of the compound nucleus. 24 
In resonance measurements the incident particle 
energy is varied and the yield of particles of a 
specified energy is measured as a function of 
incident energy. Peaks in the yield curve correspond 
to excited levels in the compound nucleus. This method 
is applicable to transmutations, and elastic and 
inelastic scattering. Resonances in elastic scattering 
reactions, i.e. c 13(p, p)c13, or B10 (<:X'. ,oG )B10 , identify 
levels in N14 and will occur at the same bombarding 
energies which bring out resonance peaks in the cross 
sections for the competing reaction c 13(p,n)N13 and 
B10(ci.,p)cl3, provided selection rules are not 
violated. 
Good instrumental resolution also provides a 
measure of the true level width. 
3. Gamma ray spectroscopy. 12 
All excited states of nuclei may decay by 
electromagnetic transitions, and in the case of bound 
levels (except for beta decay) this is the only means 
by which the nucleus may decay. Virtual levels are 
more likely to decay by particle emission than by 
gamma decay. 
7 
Radiative capture, in which a particle is absorbed 
and only garmna radiation is emitt"ed, can be used to 
obtain level information • Gamma ray intensity _as a 
function of bombarding particle energy is measured. 
4. Beta ray spectroscopy. 
Many light nuclei formed by transmutation processes 
decay into stable nuclei, either in the ground state or 
in an excited state, by the emission of a beta particle. 
Measurement of the maximum beta decay energy gives the 
position of a level in the residual nucleus. Probable 
spin and parity differences between the parent and 
daughter nucleus can be estimated from measurements 
of relative transition probabilities. 
5. Threshold measurements. 12 
Endothermic reactions such as most (p,n) 
transmutations (and (d,n) reactions to excited states) 
give thresholds for neutron production as a function 
of incident particle energy. This method is 
explained further in Section II. 
6. Angular distributions and correlation experiments. 
Studying the angular correlations of successive 
radiations gives information about the total 
angular momentum of a state. The angular distribution 
of outgoing particles in a nuclear reaction can 
provide knowledge of the spin and parity of a level 
in the compound or residual nucleus. 
8 
I I. METHODS OF MEASURING FAST NEUTRON SPECTRA 
The accurate measurement of neutron energies is 
difficult because the neutron has no charge. Often very 
indirect methods must be used. The energy resolution of 
a spectrum is often expressed in terms of the full 
width at half maximum of an energy peak. This determines 
the ability of the instrument to separate two closely 
spaced peaks. 
A. Cloud chambers 
The cloud chamber and nuclear emulsion are similar 
in principle. In the former method the incident 
neutron collides with a water molecule, knocks out a 
proton, and a track of condensed vapor droplets is formed. 
The tracks are photographed and the range and 
direction of each track is measured to determine the 
incident neutron energy . Tracks can be formed only 
during expansion of the gas-vapor mixture in the 
chamber . This necessitates a long operating time 
to accumulate a reasonable number of tracks. For a given 
energy, cloud chamber t racks are much longer than 
emulsion tracks . This makes t he cloud chamber useful 
i n the 500 to 800 kev range, where the emulsion method 
9 
becomes too inaccurate. The neutron spectrum from 
F19 (d,n)Ne20 was studied by Bonner. 8 The width at half 
maximum of the neutron groups from 2 to 10 Mev was 
about 201.. 
B. Proportional counters 
Chagnon and his assooiates15 have built a fast 
neutron coincidence spectrometer utilizing stilbene 
scintillators. The incident neutrons strike protons 
in the primary counter and the neutrons are scattered. 
Those neutrons scattered through a fixed angle ~ are 
recorded in a stilbene scintillator at a fixed flight 
path from the primary counter. A coincidence between 
the primary and secondary crystals gates the primary 
pulse. When a neutron of energy E is scattered fr om a 
proton in the primary counter , the scattered neutron 
has an energy E cos2¢ and the recoil proton has an 
energy E sin2~ resulting in a pulse height S. Thus 
S is a direct measure of the incident neutron energy. 
The time-of-flight characteristic is used to reject 
~ rays, viz. the neutron time-of-flight is much longer 
than the ~ ray flight time. The energy width at half 
maximum is about 101. at 4 Mev. 
10 
11 
Calvert and his collaborators 13 used two 
scintillation counters to measure the neutron spectrum 
from an F19 stripping reaction . The two scintillators 
are mounted on the axis of the incident neutron beam 
so that recoil protons originating in the first 
scintillator, an anthracene crystal, complete their 
ranges in the second, which is of sodium iodide. The 
recoil protons produce simultaneous pulses from both 
crystals and the neutron energy is determined by 
analyzing the pulse height. The method is suitable 
for neutron energies from 4 to 20 Mev with a resolution 
of from 5 to 7%. 
Perlow 47 describes a metha11e filled chamber to 
obtain proton recoils. The protons are collimated and 
enter a second counter. The sum of the pulse heights 
is analyzed whenever a coincidence occurs. A third 
counter in anticoincidence discriminates against cases 
in which all the energy is not lost in the first two. 
The method is useful from 0.05 to 1 Mev and has an 
energy spread of about 10%. 
C. Threshold detectors 
Threshold measurements may be made on endoergic 
reactions. At the threshold, reaction products are 
formed with zero mutual velocity in center of mass 
coordinates . The velocity which they have in 
laboratory coordinates is due entirely to the motion 
12 
of the center of mass. As bombarding energy is 
increased above threshold, outgoing neutron energy also 
increases. If one continues to increase the bombarding 
energy until another threshold is reached, there will 
be fast neutrons coming from transitions to the first 
level in the residual nucleus, and slow neutrons coming 
from transitions to the next level in the residual 
nucleus. The accuracy of the threshold method depends 
on the sensitivity of detection of a relatively small 
number of threshold neutrons tvi th energies of from 
5 tO 50 kev in the presence of neut rons with higher 
energies. 
Bonner and Cook9 describe an experimental 
arrangement containing two counters. The first is a 
BF3 proportional counter surrounded by paraffin, placed 
near the target . It is sensitive to neutrons from 
5 to 50 kev. A second BF3 counter (the long counter) 
is surrounded by paraffin. Holes are cut in the 
paraffin to allow the neutrons to enter. This 
counter has about equal efficiency for detecting 
neutrons of all energies from 0 to 5 Mev. The ratio 
of the number of counts in the first counter to those 
in the long counter gives a measure of the relative 
number of slow neutrons to t otal neutrons. The 
energy of the incident particles is increased until 
the ratio goes from essentially zero when no neutrons 
are produced, to a maximum when the nuclear reaction 
is initiated. Continuing in this fashion, ~he 
13 
incident particle energy is measured at each threshold. 
Then Q1 s can be calculated and the corresponding energies 
of the excited states in the residual nucleus obtained. 
Excited states with large widths do not give a sharp 
rise in . the counting ratio, so these levels can be 
missed. Bonner used the method to study the reaction 
9 10* 10 Be (d,n}B and was able to resolve two levels in B , 
60 kev apart (corresponding to a change in deuteron 
energy of 70 kev). 
D. Time-of-flight 
Cranberg and his collaborators17 , 18 have used the 
time-of-flight method to obtain neutron spectra. The 
bombarding beam is swept across the target in bursts of 
106 per second, with a duration of 2 millimicroseconds. 
A hydrogenous scintillator, 1.5 meters from the target, 
detects the neutrons. Elapsed tim2 is measured between 
14 
a fiducial pulse generated once per rf cycle of the 
particle source, and the signals from the neutron detector . 
The spectrum is analyzed by converting elapsed time to 
pulse height and displaying t he spectrum on a 100-channel 
analyzer. An energy scale is established by assmning a 
linear time to voltage conversion. The energy spread at 
a neutron energy of 2 ?-tev was 30 kev, and at 4 Mev was 
50 kev . 
Neilson and James45 have applied the time-of-flight 
concept i n a different manner. A stilbene scintillation 
counter is placed close to the source, and a second one i s 
placed further away. The b~o are connected to a coincidence 
time sorter 'V.rhich convei:-ts delay time betw·een associated 
events into a pulse amplitude distribution. This delay 
time can be due to a neutron flight time following scattering 
in the first counter. It can also be from the elapsed time 
between a ~ ray from the target striking the first c ounter 
and a neutr on from the target striking the second counter . 
A time resolution of 1.5 millimicroseconds and a flight 
path of 50 em. were used to obtain a width at half 
maximum of about 104. 
Grismore and Parkinson30 have designed a time-of-flight 
spectrometer suitable for the 1 to 20 Mev region. It 
use s the phase bunching of deuterons in a cyclotron and 
an external beam pulsing system to provide isolated 
bursts of neutrons with a duration of 4 millimicroseconds. 
The energy spread for a 5 meter flight path varies from 
3.5% at 0.5 Mev to 10% at 20 Mev. 
The main difficulty encountered wi th the time-of-flight 
method is that if one lengthens the flight path a bit the 
15 
beam intensity drops considerably, thereby lowering ·the 
resolution. Its resolution as a func tion of energy indicates 
that it is most suitable for measuring the energies of 
relatively slow neutrons. 
E. Loaded emulsions 
Nuclear emulsions loaded with lithitnn or boron are 
available cqmmercially. Ilford32 supplies C-2 and E-1 
emulsions loaded with 16 mg. of lithium per cm3 or 23 mg. 
of boron per cm3 • The sum of t he ranges of the triton 
and alpha particle emitted from the reaction Li6 (n,~)H3 
is measured to determine the initial neutron energy. There 
are several difficulties: the cross sections with respect 
to angle and energy for this reaction are not well known, 
i6 
the concentration of Li6 is necessarily 1~~, the reaction 
cross section is low at high neutron energies, and competition 
from n-p scattering occurs. The method i s useful for 
the range 0.5 to 1.0 Mev . Keepin and Roberts36 were able 
to measure neutron energies from thenual to 5 Mev t-Tith 
an accuracy of 100 kev. Boron loading38 takes advantage 
of the reaction B10 (n,2~)H3 . Since the energy is carried 
off by three particles, the direction and energy of the 
incident neutron can be determined by measuring the range 
and direction of each product. There is one important 
difficulty: the product of the reaction cross section and 
the concentration of B10 that can be achieved in nuclear 
emulsions is very low compared to the product of the 
n -p scattering cross section and the concentration of 
hydrogen in the emulsion. 50 
F. Nuclear emulsions 
This method is discussed in Section III. 
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III. NUCLEAR EMULSION METHOD 
When a neutron col lides with a hydrogen nucleus in a 
photographic emulsion, the recoil proton leaves a track by 
colliding with silver halide crystals in the emulsion. 
Development and fixation of the emulsion then render the 
track visible. The r ange of the recoil proton and the 
angle it made with the incident neut.ron are measured. The 
energy of the neutron can then be determined from the 
range-energy relationship for the emulsion and application 
of the laws of conservation of energy and momenttun. 
A. Composition 
A nuclear emulsion consists of a high concentration of 
silver halide crystals embedded in gelatin. If the crystal 
concentration is too small, the developable grains will be 
too far apart, making it difficult to tell where the track 
begins. On the other hand, if the crystal concentration is 
too great, a group reaction may occ·ur in development. A 
grain size between 0.1 and 0. 3 JJ. 55 in diameter has been 
found accept able for t rack measurement. It is important 
that the grain size be uniform and that the grain sensitivity 
be fairly constant . 
Nuclear emulsions are available in thicknesses from 
50JJ. to 1200~ . They are obtainable as "pellicles" (emulsion 
without support) or as plates (emulsion with a glass backing). 
I n the latter case, the glass backing is 1.25 to 1.4 mm. thick. 
Plates with dimens ions of 1' ' x 3,. are convenient for most 
suitable microscopes. 
Iiford C-2 emulsions, 400 ± 10~ t hick, have been used 
in this experiment , and so their properties will be 
described further . 32 The mean grain diameter is 
approximately 0.16 ~. The mean composition of Ilford C-2 
in equilibrium with air at room temperature and 58t 
relative humidity, as reported by Ilford, is: 
Ag 1.817 gm/cm 3 
Br 1.324 
I 0.052 
c 0.0120 
H 0;.0534 
0 0. 249 
N 0.074 
s 0.0072 
Density 3.588 
These proportions indicate that the silver halides in 
Ilford C-2 occupy a Lmost exact~y 50% of the emulsion volume. 
B. Exposure 
18 
The set-up used for this experiment is shown in Figure 1, 
and is described by Ajzenberg and Franzen. 3 The silicon 
target was bombarded by the external beam of the Princeton 
cyclotron, with an incident proton energy of 17.45 * 0.15 Mev. 
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The target thickness TN' as 100 kev, so t he average proton 
energy r eaching the plates was 17. 40 ± 0.20Hev. 
Ilford C-2 plates, 400 ~ thick, were placed 4.5 in. 
from the target in an evacuated scattering chamber . 
Plates were mounted at 30°, 60°, 90°, 120°, and 150°. 
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At each angle ~10 plates were used, emulsion sides together, 
and wrapped in aluminum and lead foil. The beam was 
collimated by graphite apertures and was stopped by a 
graphite cup, relatively far from the plates. Further 
description t'lill be found in Section V. 
C. Development 
Latent image formation is a result of electrostatic 
interaction beo1een the proton and the electrons of the 
emulsion atoms . Clusters of Bilver are formed, and they 
act s development centers . Processing should be done 
soon after exposure since the lat ent image fades rapidly. 
63 Yagoda and Kaplan found that under normal laboratory 
conditions 40% of the latent image has faded after twelve 
days . Fading is acce lerated by high temperature and 
humidity. 
General darkroom i lluminati on requires an orange-red 
s afe light, s uch as vlratten No. 2 or Ilford "S" No. 902. 
For direct illumination Ilford32 recommends that its " F" 
Safelight., No. 903, be used. The emulsion should 
21 
not be exposed to other light until fixation is complete. 
The development method used in this experiment has 
been described by Rubin. 53 It is a modification of the 
method described by Rosen, 50 combining the two-solution 
and low temperature development techniques. The plates 
are placed in a light-tight box containing distilled 
water at room temperature, and the box is stored in a 
refrigerator at 4° C. until the gelatin has awollen. 
The swollen emulsion allows more rapid diffusion of t he 
developer, 7 and the gradual cooling of the emulsion prevents 
temperature shoc1<. 6 Next the water fs removed, Solut ion 
A (at refrigerator temperature) is added, and the box i s 
placed in the refrigerator again until the developer 
penetrates the emulsion. Developer penetration time varies 
little with temperature. 7 However, since development is a 
chemical reaction it is impeded by cold. The rate of 
development decreases by a factor of two when the temperature 
is lowered 10° C. near room temperature. Solution A contains 
none of the usual alkali. Hence Solution A penetrates the 
emulsion completely, but very little development actually 
occurs. Solution A is next removed, replaced by Solution B 
(at 4° C.) and stored in the refrigerator until this 
developer penetrates the emulsion. Then Solution B is 
poured off, the emulsion surfaces are blotted and the plates 
are allowed to develop at room temperature. This allows 
uniform development to occur since there is no extra 
developer at the surface to cause a development gradient. 
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Solution A contains metol and hydroquinone, which are 
developing agents. Sodium sulfite accelerates the action 
of metol, and potassium bromide restrains the reduction 
of those halide grains which have not been irradiated, 6 
i .e., it acts as an anti-fog agent. Solution B contains 
Kodak D-19, a developer containing metol and hydroquinone. 
Sodium carbonate increases the alkalinity of the solution, 
thereby accelerating development. 
When development is completed the developer action must 
be stopped quickly, so the plates are placed in a stop 
bath of 1 1/21. acetic acid solution. This lowers the pH of 
the plates below that required for development. 6 A thin 
surface of silver forms on the plates and is removed by 
lightly and carefully rubbing with the finger tips. Then 
the plates are placed in a hypo solution (1/3 sodium 
thiosulfate by weight) for 1 1/2 times the time it takes 
to clear the emulsions. Unless all undevelop~d halide is 
removed the plate will later darken as the remainder oxidizes. 7 
Since this may take many hours, the solution may be changed 
to half strength and left overnight. However fixing at 
full strength should be done for at least six hours. 
Finally the plate is washed thoroughly under a trickle 
of room-temperature tap water, placed in an alcohol solution 
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for thirty seconds to hasten drying, and placed on paper 
tmieling to dry. This last step must be done at high 
humidity and requires about two days. Through the entire 
processing the emulsion must be guarded against 
mechanical strain, temperature and chemical shocks. Once 
the emulsion is dry it is quite sturdy, but may start to 
peel from the glass backing. The emulsion can be glued 
back with ordinary household cement. 
A summary of the processing procedure used appears 
on the following page. 
D. General requirements for the microscope 
The microscope used for scanning should have objectives 
of medium or high magnification, flat field, large 
numerical aperture, and large working distance {the distance 
between the object plane and the front lens). 29 A 
binocular microscope is used, not only because it is more 
comfortable for the observer during long periods of scanning, 
but also because two eyepiece scales are needed to 
measure both the angle and the length of the track. The 
microscope used in this experiment was a Leitz Binocular 
B. S. microscope. It is equipped with three objectives: 
lOX, 45X, and lOOX. The latter, used for all measurements, 
is an oil immersion apochromatic objective with numerical 
aperture of 1 . 32 and a free working distance of 370 ~· This 
working distance is adequate since a 400 ~ plate shrinks 
DEVELOPMENT PROCEDURE FOR ILFORD C- 2 400 1J. PLATES 
1. Place in room temperature distilled water 
and store in refrigerator. 
2 . Place in cold solution A in refrigerator 
(about 4° C. ) 
3. Place in cold solution B in refrigerator 
(about 4° C.) 
4. Dry plates at room temperature. 
5. Place in 1 1/2~ acetic acid solution 
at room temperature. 
6. Remove surface silver by rubbing l ightly 
with finger. 
45 min. 
80 min. 
80 min . 
35 min. 
40 min. 
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7. Fix in hypo solution (1/3 by weight s odium 1 1/2 t imes the 
thiosulfate). time to clear 
8 . Wash in room temperature water. About 6 hr . 
9. Place in 30% ethyl alcohol solution. About 30 sec. 
10 . Place on toweling to dry. 
SOLUTION A 
2.2 gm. metol (elon) 
48.0 gm. sodium sulfite 
8 . 8 gm. hydroquinone 
4.0 gm. potassium bromide 
Water to make 4 liters 
About 2 days 
SOLUTION B 
800 ml. Kodak D- 19 
3200 ml. water 
32 gm. sodium carbonate 
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during processing to under one half its original thickness. 
Two lOX eyepieces of the periplan type were used. They 
serve to flatten out the field of viev1. 43 One eyepiece 
was fi tted with a goniometer . This consists of a glass 
disk with cross hairs engraved, to serve as a fiduc i al 
line in making angle measurements, and a scale graduated 
in degrees. The other eyepiece is fitted with a graticule, 
consisting of a scale divided into 100 divisions. The 
microscope has a mechanical stage equipped With X and y 
scales with a least count of 0.1 rom/division. The 
micrometer adjustment, which controls vertical travel of 
the mioroseope , is equipped with a graduated drum head 
and vernier scale whose least count is 0.1 ~/division. 
E. Track measurements 
1. Acceptance criteria 
Figure 2 shows the path of the recoil proton in the 
emulsion. The incident neutron enters from the direction 
set by the edge of the plate. It strikes the proton which 
recoils in the direction ~, the track l ength being given 
by L. The microscope image shows t, the projection of Lp 
(the track length in the pr ocessed emulsion) in the x-y 
plane. 9' is the angle between l and L. The quantities 
which are measured are: 
a. The tangent of the dip angle 9 in the processed 
emulsion . 
y 
FIGURE · 2 
PATH OF THE RECOiL PROTON 
IN THE E.~1ULS\ON 
b. ~, the angle l makes with the x axis 
c. £, the projection in the x-y plane of the track 
length in the processed emulsion. 
Since the cosine is a slowly varying function for 
small values of argument, a constant uncertainty in angle 
measurement introduces much less error for small arguments 
than for large. The energy of the neutron is a function of 
cos 29', so if only small values of 9' are considered the 
energy determination will be much more accurate than if all 
angles were used. The following acceptance criteria were 
used in this experiment: 
a. If ; ~ 10°, tan 9 ~ 0.075, 
b. If 10°<; s 15°, tan Q • 0, 
c. If ; exceeds 15°, it is not accepted, 
d . The track must begin and end in the emulsion. 
2. Technique 
27 
Scanning is done in strips one field of view wide and 
about half the plate length long (30:·mm. long strips were 
used in this work). Since the neutron intensity varies as 
l/r2 the density at the far end of the strip is much smaller, 
so it is not scanned. At each x and y coordinate ·setting 
the entire depth of the emulsion is searched for tracks, by 
rotating the fine adjustment knob. The x coordinate is then 
changed by about half a field of view, so that no tracka 
will be missed, and the process is repeated. Strips are 
separated by at least two fields of view (0.2 ~.) so thAt 
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the same track will not be measured twice. Each t ime 
a track is measured the x and y coordinates are returned 
to their original position so that t he strips are approximately 
straight and continuous. A record is kept of initial and 
final coordinate settings in each strip so that the t otal 
area scanned is known. 
To adjust t he microscope for scanning, the following 
is done: 
a. The ti lt of the illuminating lamp is adjusted. 
Then with the lamp diaphragm closed as much as possible, 
the light i s f oc used on the microscope's plano-concave 
mirror by obtaining a sharp image of the l ight bulb 
filament. 
b. The plate is placed on the stage, and using the 
lOX objective t he eyepiece crosshair s are lined up parallel 
to the plate edge. If the indicat or on t he goniometer does 
not read 0°, the eyepiece screw must be adj us ted. This 
check should be performed every time the plate is moved. 
The diaphragm is then opened on the lamp. 
c . A drop of i mmersion oil is placed on t he plate and · 
lOOX magnification is then used for all further work. The 
substage illuminating apparatus is adj usted so that the 
image covers the entire field of view and the grains 
appear sharp and black. When one scans through the emulsion 
grains should not appear to move sideways. 
3~ Quantities to measure 
Both angle measurements must be made at the beginning 
of the track, an.d the length over which they are measured 
s hould be straight, since it is the initial proton 
direction that is used to determine the neutron energy. 
¢ i measured with the eyepiece goniometer to the nearest 
half a degree. 9, the dip angle, is determined by 
measuring its tangent. The initial straight segment, S, 
is chosen arbitrarily, but should be as long as possible 
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to minimize error. The dip, D, is obtained by focusing with 
the fine adjustment on the top of the first grain and then 
on the top of the last grain, and then taking the difference 
of the two fine focus scale readings. The ratio, D/S, is 
recorded as tan e. Length measurement is made with the 
eyepiece graticule . If the track is not straight or if it 
occupies more than one field of view, it should be measured 
in segments. Dip and angle measurements should be made in 
the center of the field of view, to avoid distortion. 
It is, of course, important to know the initial neutron 
direct ion in the field of view. Before exposure, the plates 
are coded, with the numbering on the edge away from the beam. 
The beginning of the track is determined by the plate code 
and the right and left reversal of the microscope. 
The eyepiece graticule must be calibrated against a 
standard stage micrometer to find the conversion factor 
from scale divisions to microns. In these experiments, 
\ 
an American Optical Co. stage micrometer containing 2 mm. 
of divisions, divided into units of 0.01 mm., was used. 
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The thickness of the emulsion is measured daily, since 
it is sensitive to changes in humidity. 
F. Track calculatio~ 
The true dip angle is obtained from the observed dip 
angle by the relation: 
T k tan 9 
tan 9' • 
t 
where T is the thickness of the unpr ocessed emulsion, 
t is the thickness of the processed emulsion, 
k is the number of eyepiece scale divisions per micron . 
L, the length of the track in the unprocessed emulsion, 
is calculated from: 
£ 
L • 9' cos 
where £ is the length of the track in the processed emulsion, 
9 1 is the true dip angle. 
Knowing the length of the proton track, the proton energy 
is easily obtained from a range-energy curve for the 
emulsion. (See Part G of this section) Since length 
measurements are in eyepiece scale divisions it is 
convenient to prepare a range-energy table giving energy 
as a function of number of divisions . Energy int ervals of 
10 kev are suitable. 
a, the angle between the incident neutron and the 
recoil proton, is related to ' and 9 by: 
COS ~ a COS 9 1 COS ' 
Applying conservation of energy and momentum, the 
neutron energy is: 
... 2 cos c( 
The number of tracks obtained per energy interval as 
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a function of energy is tabulated~ The usual interval is 
100 kev or 200 kev, depending on the energy spread expected. 
G. Range-energy curve 
Rotblat52 measured the range of protons in Ilford C-2 
emulsions as a function of energy from 0.2 Mev to 15 Mev. 
A deuteron beam bombarded various isotopes. Plates were 
placed at many angles to the incident beam to detect particles 
emitted. The ratio of energies for two angles is independent 
of the Q value and can be calculated simply if the incident 
energy is known. The only points of reference for the 
absolute energy calibration are the energies and the 
ranges in air of the a lpha particles from polonium and 
thorium C. The departure of any experimental point from 
the range-energy curve is never greater than 21o and 
Rotblat says that the final curves are probably accurate 
to better than 0.5~. 
H. Neutron-proton scattering and geometry corrections 
Two corrections are needed before an energy spectrum 
can be plotted. The first is required because the n-p 
sc ttering cross section is strongly energy dependent. 
Correction is made by multiplying by the reciprocal of 
the scattering cross section, which is well known. 31 
For this work a cor rection normalized with respect to a 
neutron energy of 2 Mev was used, in order to have numbers 
close to unity. 
The second correction is needed because the probability 
of the recoil proton escaping from the emulsion increases 
with energy. This geometry correction was first obtained 
by Richards, 48 and is given by Rosen50 as: 
p t Lp sin 9Lt 
- 2 L sin 9 p 
p 1 - Lp sin 9 ~ sin e c t 
-
2 t 
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where P is the probability that a track of length Lp will 
penetrate one or the other of the emulsion surfaces, 
9 is t he dip angle in the processed emulsion1 
t is the thickness of the processed emulsion. 
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For this work a table giving the product of the inverse 
of the n-p scattering cross section and the probability that 
the track ~~ill leave the emulsion, as a function of 
neutron energy, was used. The nmnber of tracks in a given 
energy interval is multiplied by the correction factor , 
and this represents the real relative number of neutrons 
within that interval . 
I. Plot of number of neutrons per energy interval 
After correction for n - p scattering and geometry, a 
histogram is plotted giving corrected number of neutrons 
per energy interval vs. neutron energy. Some of the neutrons 
detected will be due to background, e.g., neutrons may be 
created in the scattering chamber. The background can be 
assumed to be zero, a constant number of neutrons per energy 
interval over the ~1hole energy range, or to have some 
type of energy dependence . The la.tter is most realistic, but 
in the abaence of a s eparate exposure to determine background, 
some constant correction i s assumed . 
Assignment of error due to statistical fluctuat ions is 
done for the number of tracks in each energy interval. The 
statistical error is plus or minus t he s quare root of t he 
number of neutrons in the energy interval. This error must 
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be corrected for geometry and n-p scattering. 
A curve showing the number of tracks per energy i nterval 
vs. energy is dravm. It is customary to display the 
statistical error of each point plotted on the curve. 
The mean energy of a neutron group is obt ained from 
the definition of average value: 
L. Ni E. En ., i ]. 
-.:;:- t 
L N. i l. 
where En is the mean energy of the neutron group, 
E. is the average energy of neutrons in i th interval , ]. 
Ni is the corrected number of neutrons in ith interval. 
J. Calculation of Q's and excitation energie~ 
The Q-value for each of the neutron groups can be 
calculated from the following equation: 23 
where mi is the mass of the bombarding particle, 
M. is the mass of the target nucleus, 
1. 
~ is the mass of the emitted particle, 
Mf is the mass of the residual nucleus, 
Ei is the bombarding energy, 
Ef is the energy of the emitted particle, 
/3 is the angle between the path of the bombarding 
particle and the path of the emitted particle. 
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If there are no contaminants, the Q value of the highest 
neutron energy group represents fo1~1ation of the ground 
state in the residual nucleus. However, if the number of 
transitions to the ground state is small in this reaction 
there may be no peak in the spectrum. In this case only 
higher excitation energies can be calculated . It is still 
possible to make energy level assignments, though, if the 
ground state Q-value is known from another reaction. 
Zero excitation energy corresponds to Q for the ground 
state. C2g - Q1 is the excitat ion energy of the first 
excited state, Qg - Q2 is the excitation energy of the 
second excited state, etc. (Q is the Q for the highest g 
neutron energy group, Q1 for the next highest, etc.) 
K. Calculation of Cross Sections 
The flux of neutrons of energy E incident on a plate 
h i 1 dE i . b R 50 in t e energy nterva s g~ven y osen as: 
n 
where F(En} is the number of neutrons of energy E per cm2, 
N(Ep) is the number of protons of energy E (uncorrec t ed}, 
n is the number of a1 atoms per unit volume of emulsion, 
'3. ,q J( 10 Z.J.. 
2.032 1t 102-5 atoms / cm3 for Ilford C-2 plates , 
P is the probability that a track of length LP does not 
leave the emulsion. Table 1 gives P for proton energies from 
1 to 10 Mev , .for 4oo )J- plate.s. 
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TABLE 1 
CORRECTION FACTOR FOR GEOMETRY 
Ep in Mev Lp in 1.1 p 
1 14.0 B . 9986 l.OO 
2 39.7 0 . ~957 j.OO 
3 74.9 0.9918 o.l)q 
4 119.4 0 . 987& o.qq 
5 171. 3 e . 981Jo o .q~ 
6 232.4 -6.9746 0.~1 
7 299. 3 0. 9673' o.'f7 
8 374.5 0.9591:' 0.9, 
9 457.9 0 .9506" o.qs-
10 54·7. 9 Q. 9481"' o .~lf 
~ is the n-p scattering cross section, 
n-p 
cos; is the average cosine of the angle between 
the path of the incident neutron and the recoil proton, 
in this experiment equal to 0.99e&, 
V is the emulsion volume analyzed (unprocessed), 
IL is the solid angle of acceptance of tracks. 
The solid angle of acceptance may be calculated from 
the equation given by Allred and Armstrong: 4 
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(') -_j L 2v - 4l sin -l( ~~-~~ V tanL_-z_. \ + sin -l ( co_~~ t_~I_l - -~ _2_ :;\ ] \l tan-z ~ + tan/' ) \\tan 16 + tan/ ) 
tJ and ;:J are the acceptance angles expressed in radians, 
aud is in steradians. In this experiment Jl • 0 .107 teradians . 
The differential cross section is then calculated from 
the equation: 
1-:-: { ·") 
l. ) ~~  
F(E ) a2 
• n 
-----N -I 
0 
where F(En) is the number of neutrons incident per cm2 , 
R is the average distance between target and plate area 
scanned, 
N0 is the number of atoms per cm
2 of target, 
I is the number of bombarding particles. 
IV . ACCURACY OF THE METHOD OP' PROTON RECOILS 
The energy resolution of this method is limited by 
the following factors: 53 
1. Range straggling of protons in the emulsion 
2. Energy straggling of the beam in the target 
3 . Energy spread of t he beam 
4. Multiple scattering of the protons in the emulsion 
5. Length and angle measurement errors 
6. Finite target size and angular spread of neutrons 
incident on the emulsion. 
Resolution is determined by the full width at ha l f 
maximum. The full width is equal to the square root of 
the sum of the squares of each partia l width contr ibution. 
Swartz14 reports that the measured tota l width under good 
experimental conditions varies from 100 kev at neutron 
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energies of 2 Mev to under 300 kev at neutron energies of 
8 Mev1, to 500 kev at neutron energies of 15 Mev.SO,Sl 
A. Range straggling 
Protons having the same initial velocity show a subst ntially 
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"gaussian" distribution about the mean range. This is 
due to statistical fluctuations in the individual collisions. 
Rotblat51 has measured the range straggling in Ilford C- 2 
emulsions. Rubin53 attributes more than 981. of the full 
width at 2 Mev to the contribution from range straggling, 
while at 8 Mev it contributes 85% (for a thin target and 
high beam resolution). 
B. Energy straggling 
Energy straggling occurs because the beam-must pass 
thr ough the thickness of the target. The thickness of the 
target in this experiment was 100 kev. 
C. Energy spread of the beam 
The energy spread of the cyclotron beam was the most 
important factor in limiting energy resolution in this 
experiment . The spread was 150 kev, which is considerably 
worse than the usual spread of a van de Graaf generator 
(about 10 or 15 kev). 
D. Multiple scattering 
Track curvature due to multiple scatterlng of the proton 
in the emulsion introduces errors in length and angle 
measurements. This latter effect is important for low 
energies, since the initial straight segment may frequently 
be quite short, and thereby a large error in angle 
measurement is introduced. For higher energies the error 
is almost negligible: at 3 Mev, where most of the tracks 
have a straight segment of about 25 IJ. , the error is about 
0.01%. 35 
E. Length and angle measurements 
To make a length measurement there is an error in 
setting the fiducial mark and in reading the length. One 
can assume that each error is 0.2 ~. Tracks due to the 
ground state in P28 were roughly 50 ~ long, so the length 
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error is about lX. Long tracks must be measured in pieces, 
so there is an error of 0.4 ~ for each piece. However the 
percentage error will be no worse than lt. For 50 ~ tracks 
the energy error is about 10 kev. Since the beam width 
alone is 150 kev, the total width is at least ( 1502 + 102) 1/ 2, 
and it can be concluded that length measurement errors 
considered above contribute much less than 1% to the width. 
Length measurements may contribute a large error if the 
background is high, since then it is difficult to distinguish 
the beginning and end of a track from the random pattern of 
developed grains. An estimate of this contribution would 
require a very involved calculation. 
An estimate of the error due to reading ; can be made 
easily from the following considerations: 53 The maximum 
error in ; is 0.5°, and the average ; measured is at most 
0 7.5 • 
D f$ • 0 . 0087 
dEn AJ 0.2 1. 
_ ,..._. 
E 
n 
This is negligible . 
Rubin found that dip measurements produce an energy 
error of 0.7%. This also makes a negligible contribution 
to the group width. 
F. Target size 
Due to the width of the target and the height and 
thickness of the plate, neutrons may enter the emuls ion 
0 
at an angle other than 0 (as is assumed in the energy 
calculation) . The emitting area of the target, which is 
determined by the width of the beam, also introduces an 
uncertainty in the initial neutron direction. Rubin 
estimates the combined error in energy to be 1. 21... 
G. Inhomogeneity of emulsion 
Inhomogeneity of the emulsion may be a source of 
error, but no experiments have been done to find the 
magnitude of this effect. 
H. Experimental resolution 
To make a rough estimate of the half width at half 
maxim~~, only the major contributions need be considered: 
energy spread of the incident beam, thickness of the 
target, and range straggling. The l atter effect becomes 
increas ingly important with energy. It can be seen from 
Table 2 that energy resolution in this experiment should 
be best at about t, Mev. 
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The best half width obtained in this experiment was about 
220 kev at a mean neutron energy of 2. 38 Mev. (See Section v. ) 
TABLE 2 
HALF WIDTH AS A FUNCTION OF ENERGY 
E in Mev r due to range r due to beam r due to target rtota1 n 
straggling 19 spread thickness 
0.69 90 kev 150 kev so kev 182 kev 
1.17 82 .. " 178 
1.68 74 " n 175 
2.25 56 " " 168 
2.70 46 " " 165 
3.47 45 " It 164 
4.08 45 .. fl 164 
5.24 63 .. .. 170 
V. THE Si28 (p,n)P28 REACTION 
A. Previous knowledge of p28 
Present-day knowledge of P28 has been summarized by 
Endt and his collaborators20 ~ 21 and by the Nuclear Data 
Group of the National Research Counci1. 46 
P28 decays by positron emission into Si28, with a 
half-life of 0.285 ± 0.007 sec. (averaged from two 
measurements in good mutual agreement).lO,ZS The maximum 
positron energy is 10.6 ± 0- 4 Mev . 28 King37 adopts a Q 
of 13.4 ± 0.4 Mev, while Endt and Braams quote a value of 
13.8 Mev. The decay is quite complicated. Gamma ray 
measurements of the decay of P28 have been made by Glass 
and Richardson, 28 Breckon, Henrikson, Martin and Foster . 10 
P28 has been formed only by the reaction Si28 (p,n)P28 . 
The threshold for this reaction has been measured as 
E • 15.6 ± 0.5 Mev by Glass and Richardson, 28 and as 
p + 10 15.4 - 0.6 Mev by the Breckon group. A Q of -14.6 Mev 
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for the Si28 (p,n)P28 reaction is given by Endt and Braams21 
in their compilation. 
B. Preparation of target and bombardment 
Silicon powder was added to a solution of polystyrene 
in benzene, mixed thoroughly, and gently dropped onto a 
water surface. When the benzene evaporated, a thin fi~ of 
polystyrene holding natural silicon in a fine suspension 
was lifted from the water, and the target was ready for use. 
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The silicon i n polystyrene weighed 3 .5 mg/cm2 and the 
silicon mass is estimated as 1.5 ± 1 mg/cm2 • The thickness 
corresponded to an energy loss of 100 kev for 17 Mev protons. 
The experimental set-up has been described by Ajzenberg 
and Franzen. 3 A diagram appears in Figure 1. The target 
was placed at the center of a 12-in. diameter evacuated 
scattering chamber. Plates were inserted in holders, 4.5 in. 
from the target, a t angles of 30, 60, 90, 120, and 150 
degrees. At each angle two Ilford C-2 plates, 400 ~ thick, 
were san~1iched together, emulsions facing. They wer e 
wrapped in aluminum foil to stop protons, and lead fo i l to 
absorb y rays. Two plates were used to insure a sufficient 
number of tracks and to guard against plate loss from 
improper development or handling. The plates were marked 
in the dark prior to exposure, with a code giving the 
reaction and the angle. The plate code was on the plate 
edge away from the beam. 
Protons from the external beam of the Princeton 
cyc lotron were collimated by graphite apertures, and struck 
the target . The beam was stopped by a graphite cup, some 
distance 11~1ay from the plates. Graphite was chosen because 
the threshold for c12 (p,n)N12 (20.0 ± 0 .1 Mev5) is above 
the bombarding energy used. Neutrons from c13 (p,n)N13 
(Q = -3.003 Mev49) were a possible background source, but 
13 the isotopic abundance of C is only 1.111.. Gamma rays 
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12 13 from C + p and C + p created a cons i derable background 
radiation, which would have fogged the plates if the beam 
were too intense . The exposure was 400 microcoulombs, 
+ 
and the proton ener gy was 17.45 - 0. 15 Mev. 
C. DeveloEment and scanning 
The t echniques used for development and scanning have 
been discussed in Section III. Scanning was done at three 
angles: 30 , 60, and 90 degrees . Five hundred tracks were 
measured at 30° and 90°, and 250 tracks were measured at 
'00 0 • At 30° only tracks 25 ~ or l onger were measured, 
since the ground state tracks were expected to be at least 
3 5~ or 40~ long . The t r ack density was 500 tracks/cm2 scanned. 
The next plate scanned was at 90°. Tracks 10 ~or longer 
were measured, in the hope that one or more P28 levels 
might be reso l ved . Track density was low (200 tracks/cm2 
scanned), so scanning was extremely slow. It turned out 
that the resolution of the ground state was quite poor 
0 
compared to the 30 results. It was decided not to scan 
at 120° or 150°, since track density and level resolution 
could be expected to be worse there than at 90°. Hence the 
0 last plate scanned was at 60 • Tracks 5 ~ in length or 
longer were accepted, with the expectation that P28 levels 
might be observed. The track density was approximately 
650 tracks /cm2 scanned. 
D. Presentation of results 
The energy spectra obtained at 30, 60, and 90 degrees 
are plotted in Figures 3 to 5. The data has been .corrected 
for n-p scattering and geometry. The sharp cut-off a t 
mev for 30°, 0.4 l4ev at 60°, and 0.6 Mev at 90° is dae 
the arbit~ary selection of a minimum track length to be 
recorded. · Each point plotted also has the statistical 
error shown. The curves drawn are fairly subjective. 
E. Discussion of results 
1 . Ground state of P28 
1.4 
to 
?8 Unfortunately, transitions to the ground state of p-
o 
were only resolved at 30 , where they appear as a peak 
at about 2. 38 Mev . Actually, ~1hat one probably sees here 
is the ground state and first excited state of P28 , since 
from charge symmetry one would e~~pect the first excited 
state to be about 0 .03 Mev above the ground state . 
(In At28 the first excited state ts 0.029 Hev above the 
ground state.) The ground state Q, based on the results 
at 30°, is -14.7 1 Mev. 
The full width at half maximwn of the group is about 
300 kev. Combining this width with t he contributions 
from range straggling, beam spread, and target thickness, 
ha~~ 
the~width at half maximum is about 220 kev. Hence the 
Q value for the reaction Si28 (p,n)P28 is quoted at 
-14 .71 ± 0.22 Mev. 
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Computing the Q value f r om the threshold energy 
determination and positron energy measurement s of Glass, 28 
and using Wapstra's masses 61 for Si28, H1 and n, one 
obtains Q • -15. 1 ± 0. 5 Mev . The Q value calculated 
from Breckon 1 s 10 threshold energy detennination and 
+ t.Yapstra ' s masses is -ll~ . 9 - 0 . 5 Mev . 
The major sources of error i n both these threshold 
determinat ions seem to be the following: (1) The energy 
of protons cmaing from the cyclotron was uncertain. 
(2) In the Breckon experiment , there was an energy loss in 
the cobalt foil enclosing t he target material. (3) The 
curve of relative yield vs. proton energy drops off rather . 
gent ly v?ith decreasing energy, i.e., there is no sharp 
cut - off. The major source of error in the positron energy 
measurement of Glas seems to be t hat positron annihilation 
in the Nai crystal used produced a tail at the high end 
of the positron spectrum. Considering these s ources of 
error and the experimental uncertainty quoted by both 
groups it is felt that the results of this experiment, 
using the measurement of a fast neutron spectrum to 
determine Q, is more reliable. 
Using Wapstra•s masses 61 for H1, n and Si28 the mass 
defect of P28 was found to be 0.68 ± 0.22 Mev. Wapstra 
quotes a value of 0.545 ± 0.300 Mev for the mass defect. 
The mass of P28 was found to be 28.0007 3 ± 0.00024 amu. 
Using Li's masses42 Glass and Richardson found the mass 
of P28 to be 28.0006 ± 0.0004 amu, and Breckon's group 
found the mass to be 28.0009 ± 0.0008 amu. Calculating 
mass defects from these values, the Glass value is 
0.6 ± 0.4 Mev, and the Breckon value is 0.8 ± 0.7 Mev. 
Results of this experiment are compared with previous 
values in Table 3. 
2. Excited states of p28 
-
51 
No individual levels of P28 were resolved, although 
the ground and first excited state group was separated 
from the lower neutron energy portion of the curve. From 
the width of this separation, one can conclude that states 
500 kev apart could be resolved. This implies t hat the 
separation of the second and third excited states is less 
than 500 kev. Another difficulty in resolving any excited 
states is that the neutron energies involved are low, so 
that the resolution of the nuclear emulsion method is 
not good here. 
It seems fairly certain that the neutron group at 
3. 86 Mev on the 30° curve could not be due to transitions 
to the ground state of P28 . If this were the case, the Q 
would be - 13.28 Mev, the mass defect would be -0.749 Mev and 
the mass of P28 would be 27.99920 amu. These values seem 
much too different from the other determinations of Breckon 
and Glass to be considered very probable. 
I 
TABLE 3 
MASS OF P28 
rarameter This work 
')8 
Glass & Richardson~ Breckon,Henrikson, 
l 
I 
I Q - 14.71 ± 0.22 Mev -15 .1 ± 0.5 Mev 
I ~ss defect of P281o.68 ± 0.22 Mev 0.6 ± 0.4 Mev ~ss of P28 28.00073 ± 0.00024128.0006 ± 0.0004 
1 I I 1amu iamu 
I I I 
~~rtin & Foster10 
-llJ. • 9 ± 0 . 5 Mev 
+ 0.8 - 0.7 Mev 
28.0009 ± 0.0008 
!amu 
I 
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3. c·ross section for formation of the ground state 
The differential cross section at 30° for formation 
of the ground and first excited states of P28 by the 
Si 28 (p ,n)P28 reaction was found to be 0-27 ± o.\<6 M\;:.jsteraliian. 
l~ . • The isobaric triad 
a. Charge symmetry and charge independence of nuclear 
forces. 
Any pair of nuclei which can be made from each other 
by interchanging all protons and neutrons are called 
mirror nuclei. Strong evidence has been found to indicate 
that after correcting for the intrinsic mass difference 
bet\~een a neutron and a proton and for the Coulomb energy 
difference, the ground and excited states found in each 
mirror nucleus correspond approximately. (The agreement 
differs by at most a few hundred kilovolts. 2) That is, 
each level in one mirror nucleus will have a counterpart 
in the level structure of the 'other mirror nucleus. Since 
the only difference in the nuclei is that one nucleus has 
more neutron-neutron bonds and the other has more proton-
proton bonds, this indicates that proton-proton bonds are 
approximately the same as neutron- neutron bonds. This is 
called charge symmetry of nuclear forces. 
Evidence has been found that nuclear forces are also 
charge-independent, i.e. neutron-proton forces are 
approximately the same as proton-proton forces, and the same 
a neutron-neutron forces. This is evidenced in t he study 
of isobaric polyads, 33 a set of nuclei with the same mass 
number. In particular, isobaric triplets, cons isting of 
zxA, z-lxA, and z+lxA or zXA, z+2xA, andz_ 2xA have been 
studied. · Due to the Pauli exc lus ion principle, many more 
states are allowed in the symmetric nucleus, where the 
number of neutrons is the same as the number of protons, 
than in the assymetric members of the triad. Every state 
i n one outer member of the triad should have a counterpart 
in the other outer member, as is found in the mirror 
nuclei. Using the charge independence hypothesis, every 
level found in the outer members of the triad should have 
an analog in the middle nucleus. The inverse is not true, 
however . 
b. Correction for Coulomb energy difference and 
n -p mass difference 
The coulomb energy of a nuc l eus depends on the shape 
of its wave function. If one makes t he rough approximation 
that charge is uniformly dist~ibuted tlrroughout a spherical 
nucleus, the Coulomb energy, Wcoul is given by: 
where R is the nuclear radius. Assuming that each proton 
54 
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acts as a discrete entity and interacts electrostatically 
with all other protons in the nucleus, but not with itself, 
the Coulomb energy becomes: 
wcoul -
3 e 2 Z(Z-1) 
5 R 
In this model the nuclear radius is approximately 
1.5 x lo- 13 A1/ 3 em. 
The intrinsic neutron-proton mass difference is 
61 0. 78 Mev. 
c. Mass differences 
Using the above corrections it was found that the 
"nuclear" mass difference of P28 and Si28 is 9.39 Mev . * 
The corrected mass difference of Al28 and Si28 is 8.80 Mev.* 
This means that there is a ground state mass difference of 
almost 500 kev between the outer members of the triad, 
using the simple Coulomb energy correction. 
Wilkinson 62 predicts that the first T•l state of Si28 
is at 9.4 Mev, meaning that the ground states of Al28 and 
28 . P should correspond to this level . The agreement is 
rather poor in the case of Al28 • Rubin54 reports a ;: 
*Mass values for Al28 and Si28 were taken from Wapstra 1 s 
tables. 61 
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+ 28 . 9 .39 - 0.04 Mev level in Si , with a spin of 2+ or 3+. 
Since t he Al28 spectrum has a 2+ excited state 29 kev above 
the 3+ ground state, Rubin states that the 9.39 Mev level 
in Si28 is a composite of two levels analagous to t he 
T=l ground state and the first excited state of A128 , 
in addition to an unknown number of T=O states. 
There is a rather striking correspondence between the 
ground state of P28 found here, and the 9 . 39 Nev leve ls 
in Si28 • 
Figure 6 is a diagram of the i sobaric triplet 
containing the most r ecent results available. 
F. Contaminants 
In a qualitative spectrographic analysis of 100 mesh 
silicon .powder the following metallic contaminants were 
* found: 
Aluminum 
Iron 
Manganese 
Chromium 
Titanium 
1-5% 
1-21 
0.01-0. 09-x. 
0.01-0 .09% 
0 .0 1-0 .09~ 
Bor on and oxygen might also be expected in the silicon 
in similar proportions, according to transistor manufacturers. 
* Analysis performed by Lucius Pitkin, Inc., New York 
'. . .... t 
.. •... 
. \ 
3 7 2"" 633 63 o~/1 - -I o oo L 9 95 0 2 5 p - 9 3 .. 7 0 029 a ~3 12+, 3+' 
8 2 8 8.52_ _2-+;: 3+) A·l2s (2 ,3+) 27 p28 At +d-n. 7 9 0 2+, 3+) 
7. ~- . -· - ---· 
-
6 24 
50 4 .61. ___ t...:)-
' 
o+ 
Representatives of Dow Chemical Co ., New York, and Union 
Carbide and Carbon Corp., New York, state that the 
polystyrene they manufacture is 99 .9% pure carbon and 
hydrogen, and that they know of no contaminants. 
Polystyrene is made by the following process: 26 
benzene+ ethylene Al_~~3 ethylbenzene +styrene 
sty-.cene + peroxide -·7 polystyrene 
Traces of the almninum chloride catalyst might possibly 
appear in the polystyrene. There was no target backing 
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so this is not a possible source of neutrons. In Table 4, 
the Q and neutron energy which might be expected from each 
relatively important contaminant are stm~rized. Q's were 
1 1 d ,... '!:.1 61 c a cu ate ~rom fwapstra 's masses. 
No peaks were observed in the 90° spectrum which could 
be attributed to transitions to the ground state of B10, B11, 
C13, MnSS, 017 1 018, Ti48 1 or Cl37 . 
1. A127 . One track was found in the 90° spectrum with 
an appropriate energy , but none were at 30°. 
52 0 2. Cr . One track was found in the 30 spectrum and 
one track was found in the 90° spectrum with the appropriate 
52 
energy. However, the Cr contaminant is less than 0.81., 
so this is probably not important. 
35 0 0 3. Cl • In the 30 spectrum and the 90 spectrum, one 
track each was found in the appropriate place. However, 
the c135 contaminant is certainly much less than 0.1%, so 
this is probably not important. 
TABLE 4 
TARGET CONTAMIN~ITS 
Contaminant Composition of Q in Mev E in Me-g E in Meg 
Contaminant n at 90 n at 30 
Aluminum A127 (1007.) -5.61 10 . 75 10.79 
Boron B10 (18.8%) -4.42 10.22 
B11(81.2%) -2.76 11.97 
Carbon c12(99.89%) - 18.44 Not possible 
c 13 (1.11%) - 3 . 00 12 .12 
Chtorine Cl35 (7S.S%) -6.19 10.41 11. 09 
c137 ( 2l~. 5%) -1 .60 14 . 93 
Chromium Cr52 (83.7%) -5.51 11.34 11.34 
Manganese lm55 (100%) -1. 02 15.78 
Oxygen o16 (99 . 759%) -16.68 Not poss ible 
o17 {0 . 037%) - 3 .55 12. 12 
o
18(0.204%) - 2.45 13 . 26 
Ti tanium Ti 48 (73 .87..) -4. 82 11. 97 
VI 
\0 
It may therefore be concluded that since the percentage 
of contaminants is small, and since no significant ground 
state groups from contaminants were observed, that their 
excited states also probably did not contribute 
appreciably to the spect~um. 
Th d t S.29 d 8. 30 . h e energy groups ue o 1 an 1 1n t e target 
are discussed in Section VI . 
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VI. THE Si29 (p,n)P29 AND Si30 (p,n)P30 REACTIONS 
The target used in this experiment contained natural 
silicon, which is 4.71% Si29 and 3.12~ Si30 . Both 
Si 29 (p,n)P29 and Si30 (p,n)P30 were energetically possible. 
A. Previous knowledge of p 29 
The properties of P29 have been sununarized by Endt 
and Braams21 and the Nuc lear Data Group of the National 
Research Council. 46 Table 5 summarizes the present 
knm~ledge of levels in p29 • 
B. Previous knowledge of p 30 
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Endt and Braama 21 and the Nuclear Data Group of the 
National Research Council4Rave summarized present knowledge 
o£ p 30 • Table 6 summarizes the level structure of P30 • 
C. Discussion of results 
Figures 3 to 5 illustrate several peaks which are not 
attributable to the Si28 (p,n)P28 reaction or to contaminants. 
Q for the Si29 (p,n)P29 reaction is -5.75 Mev. 20 • 58 Q for 
the st 30 (p 1 n)P30 reaction is reported as -5.05 Mev by 
Endt and Kluyver, 20 but when calculated using Wapstra•s 
masses,
61 Q is -5 . 10 Mev. 
1. Ground states of P29 and p30 
In this experiment, the ground state of P29 should appear 
at 10.7 Mev at 90° and at 11.5 Mev at 30°.* At 90° the 
30 0 ground state of P should appear at 11.3 Mev, and at 30 
* 0 at 12.2 Mev. The peak at about 11 .7 Mev on the 30 spectrum 
* Q was calculated using Wapstra' s masses for Si 29 1 Si 30 1 ·Pzg 1 
P30, H1, and n. 
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TABLE 5 
KNOWN LEVELS IN P29 
Level in Mev J Reference Reaction 
g.s . 14 Si28 (d,n) 
1. 30 tl " 
1.92 " II 
3 .5 " " 
4. 33 3/.2- 59 Si28(p,p) 
4.50 1/2- " " 
4. 74 1/2+ 16,59 Si28 (p,p'-y) 
and Si28 (p,p) 
4.92 16 Si28(p,p' -y) 
5.27 " " 
5.5 " " 
5.72 5/2- (7 /2- ?) 16,59 28 Si (p,p'-y) 
and Si 28(p,p) 
5.95 3 / 2+ (5 /2+ ?) " " 
6. 18 16 28 Si (p, p ' -y) 
6.31 " " 
6.47 " " 
6 . 52 " " 
6.56 " " 
63 
Level in Mev Reference Reaction 
6.82 16 Si28(p,pt)') 
7.01 " " 
7.25 " " 
7.44 " " 
7.48 11 " 
7.98 .. " 
Level in Mev 
g.s. 
0.69 
0. 71 
1.45 
1.97 
2.09 
2.53 
2.74 
2 .84 
2.91 
3.02 
3.73 
3. 84 
3.93 
4 . 15 
4.19 
TABLE 6 
KNOWN LEVELS I N P30 
J Reference 
1+ 11,39,44 
0+ 39,41 
1+ 11 
11,41 
11 
" 
21 
11 
21 
11 
21 
" 
tt 
" 
" 
" 
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Reaction 
29 Si (p ,-y) 
s. 29 ( ) ]. p,-y 
and s32(d, ·.._ ) 
Si29 (p,-y) 
Si 29 (p,-y) 
and s32 (d,c.:) 
29 Si (p,-y) 
" 
s32(d,:;() 
Si 29 (p, -y) 
g32(d,oc) 
29 Si (p , -y) 
s32(d, o::::) 
" 
" 
" 
" 
" 
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Level in Mev J Reference Reaction 
4.21 21 g32(d, ) 
4.31 n tl 
5.88 (2-) 39,44 Si29(p ,-v) 
5.96 (1-) 11, 39,44 " 
6.23 " " 
6 .27 (3-) " " 
6 .t.o 44 tt 
6.44 11,44 " 
6.49 " " 
and the peak at about 11.0 Mev on the 90° spectrum 
seem to correspond to transitions to the ground states of 
p29 and p30. 
2. Excited states of P29 and p3° 
Q values have been calculated for the peaks at about 
3.9, 5.3, 6.8 1 and 11.7 Mev in the 30° spectrum, 
assuming that they are due to Si29 (p,n)P29 or Si30(p,n)P3°. 
(Either mass 29 or mass 30 gives the same value for Q, 
to three significant figures.) Q values have also been 
calculated for the peaks at about 2.7 and 6.0 Mev in the 
60° spectrum. Using the known values for the ground state 
Q's, possible excitation energies in P29 &nd P30 have been 
calculated. These results appear in Table 7. 
The peak at 11.7 Mev on the 30° curve may be due to 
the pair of leve ls at 0.69 and 0.71 Mev in P30 , in addition 
to the ground states of P29 and P30 . The peak at 6 .8 Mev 
on the 30° curve may correspond to the 4.74 Mev level in 
p29 • It does not seem to correspond to any known leve l in 
p 30 . In the 60° spectrum the peak at 6.0 Mev may be due to 
transitions to the 5.27 Mev level in P29 and the pair of 
levels at 5.88 Mev and 5.96 Mev in P30 . The peak in the 
spectrum at 30° at 5.3 Mev may be due to the 6 . 18 Mev level 
in P29 . Levels in P30 above 6.49 Mev have not been found. 
The peak in the 30° spectrum at 3 .9 Mev may be due to the 
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3 .9 Mev 
5. 3 
6 .8 
11.7 
TABLE 7 
POSSIBLE LEVELS IN p 29 P~ID p30 
E 600 at 
n 
Q 
2.7 Mev -14. 3 Mev 
-13 . 3 
-11.9 
6 . 0 -10.9 
- 10.4 
-5.5 
E in P29 
X 
8.5 Mev 
7.6 
6.2 
5.2 
4.7 
0 
E in P30 
X 
9.2 Mev 
8.2 
6.8 
5.8 
5.3 
0.4 
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pair of leve l s in p29 at 7.44 and 7 .48 Mev. I n the 
60° spectrum the peak a t 2.7 Mev does not correspond to 
any known levels in P29 or P30 . It could correspond to 
a l evel in P29 at 8.5 Mev or a level in P30 at 9.2 Mev. 
si29 , the mirror nucleus of P29 , has a level at 8 . 66 Mev . 21 
This provides some substantiation for the assumption of 
a level in P29 at about 8.5 Mev. P30 is its own mirror, 
so further evidence is not forthcoming from charge symme t ry 
considerations. Since the abundance of Si29 and Si30 
in the t arget was roughly the same, no conclusions can 
be drawn from this either. Tables 8 and 9 s ummarize the 
levels which may have been resolved in t his experiment . 
It seems unlikely that the peak in the 30° spectrL~ 
whi ch has been ascribed to the ground state of P28 could 
have been due to excited states in P29 and P30, becaus e 
t he intensity of the other neutron groups ascribable t o 
p29 ~nd p30 is at most SOt of the intensity of the group 
at 2. 38 Mev. 
The differential cross section for formation of the ·Pe k 
at 6 . 8 Mev in the 30° spectrum was calculated assuming 
· d s· 29 ( )P29 d · · t d 1t was ue to 1 p,n an assum1ng 1 was ue to 
Si30 (p,n)P30 • (30°) for Si29(p,n)P29 = 0.73±0.4-&' n-.b/s+tradian. 
o-(30<1 for Si30 (p,n)P30 .. l·l0.!:0.73 Ynbjs4era4ial\. 
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TABLE 8 
LEVELS IN P29 WHICH MAY HAVE BEEN RESOLVED IN THIS EXPERIMENT 
Levels in P29 from this work Known levels in P29 
4. 7 t.fev !.J. •• 74 Mev 
5.2 5.27 
6.2 6. 18 
7.6 7.44 
7.48 
8.5 None 
TABLE 9 
LEVELS IN P3<lwHICH MAY HAVE BEEN RESOLVED IN THIS EXPERIMEifr 
Levels in P30 from this 't·7ork 
0.4 Mev 
5.8 
Known leve ls in P30 
0.69 Mev 
0 . 71 
5.88 
5.96 
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VII. SUMMARY 
+ Natural silicon was bombarded with 17 .l•5 - 0.15 Mev 
protons from the Princeton cyclotron to study the reaction 
si28 (p,n)P28 . Neutrons emitted were detected by proton 
recoi ls in Ilford C-2 emulsions, 400 ~ thick. The target 
thickness corresponded to an energy loss of 100 kev for 
17 Mev protons, so the average proton energy reaching the 
plates was 17 .4 ± 0.2 Mev. Processing was done by a 
combination of the two solution and low temperature 
development techniques. The range-energy relation of 
Rotblat was used. Data was corrected for n-p scattering 
and geometry. Five hundred tracks were measured at 30°, 
250 at 60°, and 500 at 90°. The ground state of P28 was 
0 
resolved only at 30 , and actually the peak found in the 
30° spectrum is probably due to both the ground and fir s t 
excited states in P28 • The full width at half maximum of 
the grol!p i a 300 kev . Combining this width ~1ith the 
contributions from range s traggling, beam spread, and 
target thickness, the half width at half maximum is 
about 220 kev. Q for the ground state, based·on 30° data 
only, is found to be -14.71! 0.22 Mev. Glass28 found Q 
to be -15.1! 0.5 Mev and Breckon10 obtained a 
Q • -14 . 9 ± 0.5 Mev. The mass defect of P28 is 
0.68 ± 0.22 Mev and the mass of P 28 is 28.0007 3 ± 0.00024 amu. 
The differential cross section at 30° for formation of 
the ground and first excited states of P28 is 
0.21! o.l% m b I s+eraoi 6-t"'· 
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Si28 has two levels at about 9. 39 Mev, and the lower 
level is the first T•l sta te. Correcting for the 
Coulomb energy difference and the intrinsic neutron-proton 
mass difference, the "nuclear" mass difference of P28 and 
Si28 is found to be 9. 39 Mev, in excellent agreement with 
the hypothesis of charge independence of nuclear forces. 
. 29 29 30 30 The react~ons Si (p,n}P and Si (p,n)P also 
occurred. Some evidence of excited states in p 29 and p30 
was found. Groups which might correspond to the 
following known levels in P29 were found: ground state, 
4.74, 5.27, 6.18, 7.44 and 7.48 Mev. Groups which might 
correspond to the following known levels in P30 were also 
found: ground state, 0.69 ; and 0.71 Mev, 5.88 and 5.96 Mev. 
It is believed t hat no excited states in P28 were 
resolved because (1) they are probably less than 500 kev 
apart, and (2) the energy of the neutrons emitted because 
of transitions to these states was low, so the emulsion was 
no longer an accurate detector. To obtain further level 
information about P28 from the Si28 (p,n)P28 reaction two 
alternatives sugge t themselves : (1) Now that there are 
some linear accelerators and cyclotrons available which 
can provide a proton beam of 17 Mev with higher resolution, 
the experiment could be performed with a narrow beam width 
and a thin target, and (2) The neutrons can be detected 
by the time-of - flight method. I t has an energy spread of 
30 kev at 2 Mev, and the resolution improves for 
detecting the lower energy neutrons coming from 
t ransitions to excited states in P28 • 
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ABSTRACT 
Energy levels are characterized by the following 
properties: excitation energy, Q, angular momentum, 
parity, level width, isobaric spin, magnetic moment and 
configuration. They may be studied experimentally by 
xii 
the following methods: (1) measurement of the energy spectra 
of nuclear reaction products, (2) measurement of peaks in 
the yield curve as a function of incident particle energy 
to obtain levels in the compound nucleus, (3) measurement 
of gamma ray intensity as a function of bombarding particle 
energy, (4) measurement of the maximum beta decay energy 
to locate levels in the residual nucleus, (5) measurement of 
input particle energy thresholds for production of neutrons, 
(6) measurement of angular distributions and angular 
correlations to find the spin and parity of a level. 
The accurate measurement of neutron spectra is 
difficult because the uncharged neutron must be detected 
by indirect means . Cloud chambers, proportional counters, 
threshold detectors, time-of-flight methods, and nuclear 
emulsions have all been used successfully. 
Nuclear emulsions detect neutrons by the track of 
developable silver halide crystals left by a recoil proton 
after being struck by a neutron. The range of the recoil 
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proton and the angle it made with the incident neutron 
beam are measured. Knowledge of the range-energy curve 
for the emulsion and application of the laws of 
conservation of energy and momentum determines the energy 
of the incident neutron. The emulsion consists of a 
high concentration of silver halide crystals embedded in 
gelatin. 
The following is a description of the nuclear emulsion 
method: A beam of particles strikes a target, neutrons 
are emitted, and they are detected by plates placed at 
several different angles with respect to the incident beam. 
Development of the plates must be done soon after exposure, 
since the latent image fades rapidly. In this experiment, 
a combination of the two- solution and low temperature 
development techniques was used. 
The plates are scanned with a microscope and the 
following quantities are measured: {1) 9, the dip angle in 
the processed emulsion , (2) ~, the projection in the x-y 
plane of the track length in the processed emulsion, and 
(3) ~~ the angle ~makes with the x axis. ~ and 9 are 
measured at the beginning of the track. To avoid large 
errors, only tracks which fall within certain acceptance 
criteria are measured. This experiment required the 
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following criteria to be satisfied: (1) if ~~10°, 
tan Q.:!:f0. 075, (2) if 10°< ,S~l5°, tan 9=0, (3) if ~ >15° 
it is not accepted, and (4) the track must lie wholly 
within t he emulsion. Scanning is done in stri ps one field 
of view wide and about half the plate length long. At each 
x and y coordinate setting the entire depth of t he emulsion 
i s searched for tracks, then the x coordinate is changed 
by about half a field of view, and the process is repeated. 
Strips are separated by two or three fields of view so 
that overlapping does not occur. Length measurements are 
made in eyepiece scale divisions, which must be converted to 
microns by calibrating against a stage micrometer. The 
emulsion thickness must be measured daily since it varies 
with humidity. 
Neutron energies are calculated by converting the 
measured track length to length in the unprocessed emulsion, 
and then applying conservation of energy and momentum. 
The number of tracks obtained per energy interval as a 
function of energy is tabulated. Two corrections are 
needed because: (1) the neutron-proton scattering cross 
section is strongly energy depend!DJt, and (2) the probability 
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of the recoil proton escaping from the emulsion increases 
with energy. Results are plotted in histogram form. The 
Q value for each neutron group is calculated; the highest 
neutron energy group usually represents formation of the 
ground state, the next highest r epresents the first excited 
state, etc. 
The energy resolution of the nuclear emulsion method 
is limited by the following factors: (1) Range straggling of 
protons in the emulsion, (2) energy straggling of the beam 
in the target, (3) energy spread of the beam, (4) multiple 
scattering of the protons in the emulsion, (5) length and 
angle measurement errors , (6) finite target size and angular 
spread of neutrons incident on the emulsion. 
This experiment was performed to measure the mass of 
p28 , by means of the reaction si28{p,n)P28 • The target, a 
suspension of natural silicon in polystyrene, was bombarded 
by protons from the Princeton cyclotron, with an energy of 
17.45 ± 0.15 Mev. The target thickness corresponded to an 
energy loss of 100 kev for 17 Mev protons, so the average 
proton energy reaching the plates was 17.4±0.2 Mev . Ilford 
c-2 plates, 400 microns thick, were placed 4.5 in. from the 
target in an evacuated scattering chamber. Plates were 
mounted at 30, 60, 90, 120, and 150 degrees. At each angle 
xvi 
two plates were sandwiched together, emulsions facing, and 
~~apped in aluminun1 and lead foils. The beam was collimated 
by graphite apertures and was stopped by a graphite cup, 
relatively far from the plates. 
Plates were scanned at 30, 60, and 90 degrees. The 
range-energy relation of Rotb lat was used. Data was 
corrected for n-p scattering and geometry. Five hundred 
tracks were measured at 30° and 90° , and 250 tracks at 60°. 
The ground state of P 28 t;l1as resolved only at 30°, and 
actually the peak found 0 in the 30 spectrum is probably due 
to both the ground and first excited s tates in 28 p 
Q for the ground state is -14. 71 :t 0 . 22 Mev; the mass defect 
of P28 is 0. 68 "!: 0 . 22 Mev; the mass of P28 is 28.00073..:. 0. 00024 amu. 
The differential cross section at 30° for formation of 
the ground and first excited states of P28 is o.'2.1~0.l~ Mb/~+Lt"adian . 
If one corrects for the Coulomb energy difference and the 
neutron-proton mass difference, the mass of P28 is 9.39 Mev 
28 greater than that of Si This means that the ground state 
of P28 probably corresponds to the lower of two levels i n 
S .28 ~ , located at about 9.39 Hev. This is in excellent 
agreement with the hypothesis of charge independence of 
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nuclear forces . 
.29 29 30 30 The reactions s~ (p,n)P and Si (p,n)P were 
observed. No new levels were found in either P29 or p30 . 
